To better understand the range of cross-talk between post-translational histone modifications, we set out to explore the mechanistic hierarchies that govern histone H3 phosphorylation events [1] [2] [3] [4] . We focused on protein kinases that modify four well-characterized substrate sites on the N terminus of histone H3: Thr6, Ser10, Thr11 and Ser28. Phosphorylation of these sites signals different biological outcomes. During interphase, Ser10 phosphorylation by mitogen-and stressactivated protein kinase (Msk1) marks transcriptional activation 5 , whereas Ser10 and Ser28 are phosphorylated by Aurora kinase B (AurB) at the onset of mitosis when chromosomes condense 6 . Phosphorylation of H3 Thr6 by PKC functions in androgen receptormediated gene expression by preventing demethylation of Lys4 (ref. 7). It also fine-tunes the specificities of chromatin-interaction domains for differentially methylated forms of Lys4 (ref. 8). Phosphorylation of Thr11 by PKC-related kinase 1 (PRK1) identifies active androgen receptor-dependent target genes (AREs) 9 , whereas modification of centromeric Thr11 by death-associated protein-like kinase (Dlk or ZIP1) signals the onset of mitosis 10 . In interphase cells, Thr11 phosphorylation by Chk1 is associated with gene activation, whereas loss of Thr11 phosphorylation upon DNA damage leads to transcriptional repression and reduced histone acetylation 11 .
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RESULTS

Phosphorylation of H3 Thr11 and Ser10 by Chk1
To study phosphorylation by Chk1, we reacted uniformly 15 N-labeled histone H3 (residues 1-33) with the recombinant kinase and monitored phosphorylation of individual H3 residues by high-resolution NMR spectroscopy 12 . As previously reported, Chk1 phosphorylated H3 Thr11 (ref. 11 ). However, we also detected phosphorylation of Ser10 in approximately equal proportions (Fig. 1a) . Time-resolved NMR monitoring of the Chk1 reaction revealed that phosphorylation of Ser10 and Thr11 was accomplished with comparable rates (Fig. 1b) . Modification of Ser10 was slightly preferred over Thr11 phosphorylation, and this propensity was unaffected by changes in substrate concentration (Fig. 1c) . Surprisingly, Chk1 never phosphorylated both sites on the same substrate molecule, so that Thr11 and Ser10 phosphorylation occurred in a mutually exclusive manner on separate H3 copies but never occurred together on the same substrate molecule. This phosphorylation behavior was confirmed by NMR analysis of synthetic H3 peptides phosphorylated at Ser10 or Thr11. (Fig. 1d) . To investigate whether monospecific Ser10 and Thr11 phosphorylation by Chk1 also occurred in full-length or nucleosomal histone H3, we employed a set of antibodies that selectively recognized monophosphorylated H3 Ser10 and Thr11 substrates but not a doubly phosphorylated H3 peptide that contained both modifications on the same molecule (Fig. 1e) . We then reacted full-length histone H3 as well as reconstituted mononucleosomes with Chk1 and probed for phosphoSer10 (pSer10) and phospho-Thr11 (pThr11) (Fig. 1f) . Western blot detection indicated the presence of monophosphorylated Ser10 and Thr11 in both substrates. Although, using these antibodies, we could not rule out that doubly phosphorylated species were additionally present, we concluded that Chk1 displayed similar monospecific phosphorylation properties on full-length and nucleosomal histone H3.
Nonreciprocal Ser10 phosphorylation hierarchies
The mutually exclusive nature of Chk1's modification behavior suggested that the kinase did not engage in Thr11 modification when a r t i c l e s Ser10 was already phosphorylated. To experimentally address this notion, we prephosphorylated uniformly 15 N-labeled histone H3 at Ser10 with either AurB 13 or Msk1 (ref. 14) . No additional phosphorylation of Thr11 by Chk1 was detected on these substrates, even after prolonged incubation with an excess of kinase (Supplementary Fig. 1a) . To unambiguously determine the inhibitory potential of phosphorylated Ser10 on the Chk1-mediated modification of Thr11, we used [ 32 P]ATP incorporation assays. We reacted unmodified and Ser10-phosphorylated H3 peptides (residues 1-15) with Chk1 and found no detectable levels of 32 P incorporation in the pSer10 substrates (Fig. 2a) . To verify that this behavior was similarly preserved in a nucleosomal context, we prepared reconstituted mononucleosomes that we either incubated with AurB, to phosphorylate Ser10 and Ser28, or left unreacted (Supplementary Fig. 1b) . Both samples were heat treated to inactivate AurB, and nucleosome integrity was confirmed by native PAGE DNA electrophoresis (Supplementary Fig. 1c ). 
r t i c l e s
We then reacted both mixtures with Chk1 and [ 32 P]ATP. Although we readily detected 32 P incorporation into the non-AurB-modified nucleosomal control sample, we did not observe any phosphorylation on pSer10 and phospho-Ser28 (pSer28) nucleosomes (Fig. 2b) . Notably, phosphorylation-mimicking mutations such as S10D and S10E only partially reflected the Chk1 inhibitory potential of phosphorylated Ser10 (Supplementary Fig. 1d) .
Next, we asked whether phosphorylation of Thr11 also affected phosphorylation of Ser10 in a reciprocal manner. To this end, we probed the mixture of Chk1 pSer10-and pThr11-modified peptides with AurB or Msk1 (Fig. 2c and Supplementary Fig. 1e) . In both instances, Ser10 and, eventually, Ser28 were phosphorylated indistinguishably from unmodified substrates. In contrast to Chk1, the activities of AurB and Msk1 were not affected by the phosphorylation status of Thr11. In addition, neither kinase alone produced mutually exclusive modification patterns on individual histone H3 peptides, but they always phosphorylated Ser10 and Ser28 on all H3 molecules ( Supplementary Fig. 1f and ref. 15) . We confirmed the presence of Ser10-and-Thr11 doubly phosphorylated species by NMR analysis of a synthetic H3 peptide phosphorylated on both Ser10 and Thr11 (Fig. 2d) . Molecular dynamics (MD) simulations of Chk1 and AurB complexes bound to non-or premodified H3 substrates supported the notion that H3 Ser10 phosphorylation was incompatible with Chk1 binding, whereas Thr11 phosphorylation had no effect on the interaction with AurB (Supplementary Fig. 2a,b) .
Phosphorylation of H3 Thr6 and Ser10 by PKCa
To investigate whether similar cross-talk also existed for other H3 phosphorylation reactions, we analyzed Thr6 modification by members of the PKC family of kinases 7 . Although PKCα modified ~70% of all H3 molecules at Thr6, we also detected phosphorylation of Ser10 (~30%) (Fig. 3a) . Similar phosphorylation properties were observed for the PKCβI and PKCβII kinase isoforms ( Supplementary  Fig. 3a,b) . Time-resolved NMR monitoring of the PKCα reaction revealed a clear preference for Thr6 phosphorylation over Ser10 modification, which was preserved at different substrate concentrations (Fig. 3b,c) . In analogy to Chk1, Thr6 and Ser10 were always modified on different H3 molecules and never modified on the same tail peptide (Fig. 3d) . This suggested that modification of Ser10 exerted a similar inhibitory effect on Thr6 phosphorylation by the PKC family of kinases as that previously determined for Thr11 phosphorylation by Chk1. To test whether premodification of Ser10 was also mutually exclusive with and inhibitory to Thr6 phosphorylation, we prephosphorylated the histone H3 tail peptide at both Ser10 and Ser28 and then reacted the product with PKCα. No modification of Thr6 was detected (Supplementary Fig. 3c ). In contrast, prephosphorylated Thr6 did not affect the subsequent modifications of Ser10 and Ser28 by AurB or Msk1 (Fig. 3e and data not shown). As with Chk1 activity at Thr11, H3 mutations mimicking Ser10 phosphorylation had little effect on PKCα-mediated modification of Thr6 ( Supplementary  Fig. 3d ). These results indicated that modification of Ser10 exerted a similar inhibitory effect on Thr6 phosphorylation by the PKC family of kinases as on Thr11 phosphorylation by Chk1.
H3 Thr11 phosphorylation impedes Lys14 acetylation
Phosphorylation of Ser10, as well as that of Thr11, has been suggested to promote gene expression by enhancing acetylation of neighboring 
and Lys14 (ref. 16, 17) by the prototypical histone acetyltransferase (HAT) Gcn5. However, other studies using full-length Gcn5 in the context of the Spt-Ada-Gcn5 acetyltransferase (SAGA) chromatin-remodeling complex questioned these findings 18, 19 . We employed recombinant full-length Gcn5 to probe the influence of Ser10 and Thr11 phosphorylation on acetylation of Lys9 and Lys14 in the mixture of H3 peptides phosphorylated by Chk1. As Ser10-and Thr11-phosphorylated substrate molecules gave rise to discrete sets of NMR signals, we were able to simultaneously follow the respective acetylation reactions in an intermolecular competitive setting. Time-resolved NMR experiments revealed that Lys14 acetylation of Ser10-phosphorylated peptides was accomplished rapidly (Fig. 4a) . Once the reaction mixture was depleted of pSer10 molecules, Lys14 acetylation of Thr11-modified peptides was observed, although at a much slower rate. Reduced Lys14 acetylation of Thr11-phosphorylated species is in agreement with previous results on the structural requirements of H3 binding by the acetyltransferase domain of Gcn5 (ref. 20) . We also found that Lys14 acetylation of unmodified or Ser10-phosphorylated histone-H3 peptides, reacted under isolated conditions, was accomplished with similar rates 18, 19 ( Supplementary Fig. 4a ). Within the time frame of the NMR experiment, no Lys9 acetylation was detected on either substrate type. We further determined that preacetylation of Lys14 had no effect on the phosphorylation behaviors of Chk1 (Fig. 4b) , AurB and Msk1 (Supplementary Fig. 4b,c) .
DISCUSSION
Our data indicate that two histone H3-modifying kinases, Chk1 and PKC, display dual substrate site specificities that involve Ser10 phosphorylation as a second mutually exclusive modification event. In this way, both kinases establish nonidentical, histone H3 copy-specific phosphorylation marks that also impose a mechanistic hierarchy for further modification events (Fig. 4c) . Ser10 phosphorylation is detected both in interphase (that is, during transcriptional activation) and, more globally, during mitosis (that is, during chromosome condensation and segregation) 21 , whereas phosphorylation of Thr11 by Chk1, or Thr6 by PKC, has been implicated in transcriptional control in interphase 7, 11 . Similar effects of interphase-specific Ser10 phosphorylation marks and transcription activation have been reported for Msk1 and Msk2 in response to stress-inducing stimuli such as the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) treatment 22 , as well as for the tumor necrosis factor-α-induced kinase IKK-α 23 and for PIM1 (ref. 24) , PKB (Akt) and Rsk2 (ref. 25) . Therefore, dual phosphorylation on separate H3 molecules, at Thr11 and Ser10 or at Thr6 and Ser10, may constitute gene-specific chromatin signals in interphase that regulate transcriptional activation. Dual Thr11-Ser10 or Thr6-Ser10 phosphorylation may additionally function in fine-tuning the modification states of neighboring lysine residues. Thr11 phosphorylation has been reported to enhance the activity of Jumonji Domain (JMJD) 2C to remove tri-, di-and monomethyl groups from Lys9 (refs. 9,26) . In contrast, phosphorylation of Ser10 blocks demethylation of Lys9 by JMJD2A 27 and, similarly, phosphorylation of Thr6 inhibits demethylation of Lys4 by lysine-specific histone demethylase (LSD) 1 (ref. 7) . We are currently investigating how these lysine methylation marks affect the dual phosphorylation behavior of Chk1 and PKC 28 . Dual modification patterns may also facilitate multivalent binding of effector molecules to chromatin 29 , which could occur within the same, or neighboring, nucleosomes 30 ( Fig. 4d) . Proteins from the 14-3-3 family are prime candidates for such hypothetical interactions because their ability to form homo-or heterodimers may allow them to simultaneously bind phosphorylated Ser10 and Thr11, or Ser10 and Thr6, on different histone H3 tails within the same nucleosome, or to bridge adjacent nucleosomes in a site-specific manner 31 .
We show that Ser10 phosphorylation by AurB is independent of the phosphorylation states of Thr11 and Thr6 on the same H3 tail. At the onset of mitosis, this may ensure global Ser10 modification, which is necessary for proper chromosome condensation and segregation. By contrast, the activities of Chk1 and PKC are strongly dependent on the phosphorylation status of Ser10, which may prevent de novo modification of Thr11 and Thr6 during mitosis, at times when the bulk of these predominantly cytoplasmic kinases are mixed with nuclear substrates a + Gcn5   11  10  28  6  14  11  10  28  6  14  11  10  28 npg a r t i c l e s after nuclear-envelope breakdown. In that sense, phosphorylation of Ser10 may additionally function as a regulatory master switch that prevents aberrant modifications of other H3 phosphorylation sites during mitosis. Last, we point out that, in the absence of other factors, Chk1 phosphorylates Ser10 and Thr11 of histone H3 in roughly equal proportions. Hypothetically, this may result in asymmetric phosphorylation marks on the two nucleosomal copies of histone H3 (Fig. 4d) . Whether asymmetrically modified nucleosomes occur in a chromosomal context remains an open question, and further work is needed to determine the physiological roles of dual Ser10-Thr6 or Ser10-Thr11 phosphorylation in native chromatin.
METHODS
Methods and any associated references are available in the online version of the paper.
